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S c i n t i l l a t i o n  of r a d i o  s i g n a l s  

f i v e  years d u r i n g  t h e  dec l in ing  

t h e  c h a r a c t e r  of t h e  s c i n t i l l a  

\ b e 4  
from e a r t h  sa te l l i tes  has  been s t u d i e d  

phase of t h e  sunspot  cyc le .  I t  is found 

ion,  and thus,  probably,  of t h e  ionosphe r i c  

i r r e g u l a r i t i e s  t h a t  cause  them, vary s y s t e m a t i c a l l y  wi th  geomagnetic l a t i t u d e ,  

s eason  of t h e  year ,  t i m e  of day, and phase of t h e  sunspot  cyc le .  Night t ime 

s c i n t i l l a t i o n  occurs  i n  the F-region, mainly a t  h e i g h t s  of about  350 km. This  

t ype  of s c i n t i l l a t i o n  i n  most cases  r e s u l t s  from f i r s t - o r d e r  s c a t t e r i n g  from 

weak, f i e l d - a l i g n e d  i r r e g u l a r i t i e s  i n  e l e c t r o n  d e n s i t y ,  which may be caused 

by two-stream i n s t a b i l i t i e s  exc i t ed  by "dumping" of e l e c t r o n s  from t h e  e a r t h ' s  

r a d i a t i o n  b e l t s .  Such s c i n t i l l a t i o n s  are observed n o r t h  of a c e r t a i n  p a r a l l e l  

of geomagnetic l a t i t u d e ,  t h e  southern  l i m i t  va ry ing  weakly wi th  magnet ic  a c t i v -  

i t y .  S i m i l a r  e f f e c t s  are observed i n  both  Northern and Southern  Hemispheres. 

C o r r e l a t i o n s  of s c i n t i l l a t i o n  wi th  o t h e r  m a n i f e s t a t i o n s  of i onosphe r i c  d i s t u r -  

bances, i n c l u d i n g  spread-F, r e d  a u r o r a l  arcs, magnetic a c t i v i t y  and co rpuscu la r  

counts ,  i n  t h e  o u t e r  r a d i a t i o n  b e l t ,  have been noted,  and suppor t  t h e  presumed 

a s s o c i a t i o n  wi th  leakage  of e l e c t r o n s  from t h e  b e l t .  S c i n t i l l a t i o n  occurs  much 

more f r e q u e n t l y  than  any of t h e s e  o ther  phenomena, and may provide  a more sen- 

s i t i v e  i n d i c a t i o n  of t h e  "dumping" process .  
I 
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I .  INTRODUCTION 

Ever s i n c e  t h e  v e r t i c a l  sounding obse rva t ions  of Booker and Wells i n  

1938 t h e  i r r e g u l a r  s t r u c t u r e  of t h e  ionosphere  has  been a s u b j e c t  of con- 

t i nued  i n t e r e s t .  In  1946 renewed i n t e r e s t  was gene ra t ed  when t h e  i n t e n s i t y  

of t h e  r a d i a t i o n  from r a d i o  stars w a s  observed t o  f l u c t u a t e  (Hey, e t  a1 . ,1946) .  

La te r ,  back - sca t t e r  sounding (Pe terson ,  19551, whistler-mode p ropaga t i an  (Hel- 

l i w e l l ,  e t  a l . ,  19561, s a t e l l i t e  r a d i o  s i g n a l s  (Slee,  1958) and r o c k e t  sound- 

i n g  (Calver t ,  e t  a l . ,  1962) a l l  i n d i c a t e d  t h e  e x i s t e n c e  of i r r e g u l a r i t i e s .  

Dcsp i t e  t h e  number of papers  t h a t  have been w r i t t e n  on t h e  s u b j e c t ,  knowledge 

of t h e  s u b j e c t  i s  most ly  phenomaolrgical and t h e  c a u s a t i v e  mechanisms remain 

unknown. Only r e c e n t l y  has  a theo ry  s u c c e s s f u l l y  exp la ined  c e r t a i n  e q u a t o r i a l  

s p o r a d i c  E i r r e g u l a r i t i e s  connected wi th  t h e  e l e c t r o j e t  c u r r e n t  (Far ley ,  1963, 

Maeda, e t  a l . ,  1963) and perhaps a l s o  E r eg ion  i r r e g u l a r i t i e s  i n  t h e  a u r o r a l  

zone. The theory  seems t o  be confirmed expe r imen ta l ly  (Bowles, e t  a l . ,  1963) .  

However, i r r e g u l a r i t i e s  i n  t h e  F r e g i o n  i n  tempera te  l a t i t u d e s  are a l s o  ob- 

se rved  r e g u l a r l y  and a theory  t o  e x p l a i n  them has  y e t  t o  be developed.  

I n  t h i s  paper are summarized obse rva t ions  of s a t e l l i t e  r a d i o  s i g n a l  s c i n -  

t i l l a t i o n  d u r i n g  t h e  descending h a l f  of t h e  s o l a r  c y c l e .  Some p e r t i n e n t  in-  

format ion  and sample r eco rds  i l l u s t r a t i n g  d i f f e r e n t  e f f e c t s  are p resen ted  i n  

P a r t  I .  S t a t i s t i c a l  p r o p e r t i e s  of t h e  ampl i tude  of t h e  r ece ived  wave are 

g iven  i n  P a r t  11. S i n c e  t h e  s a t e l l i t e  covers  a wide geographic  r e g i o n  d u r i n g  

each  pass  t h e  geometry i s  c o n s t a n t l y  changing. I n  P a r t  I11 f a c t o r s  r e l a t i n g  

t o  t h e  geometry of t h e  problem are d i s c u s s e d .  The average  behav io r  of i r r e g u -  

l a r i t i e s  is  summarized i n  P a r t  I V .  I n  P a r t  V are d i s c u s s e d  p o s s i b l e  connec- 

t i o n s  of i r r e g u l a r i t i e s  with o t h e r  phenomena such  as red  a u r o r a l  arcs and t h e  

Hal 

Mic 



VI 
a, 
c, 
d 
rl 
rl 
a, 
c, 
cd 
r/l 

E: 
0 
.t4 
c, 
cd 
E 
k 
0 
w 
E: 
U 

c, 
E: 
2 

8 

d 
c, 
k 

0, 

m 

4 

a, 
rl 

ld 
E 
n 

0 
4 
a 
cd n: 

a, 
c, 
cd 

M c 

n 

d 

4 
E: 
I 

! 

a, 

z ?i 

* 
In 
(D 

c, 
4 
D 
k 
0 

E: 
d 

k 
a, 
M 

rl 

0 
E: 

E 

0 cv 

0 
(D 
Q, 
rl 

(D 

4 
.t4 
L 
a 
4 

-. 

00 
In 
Q, 
rl 

In 
rl 

h 

-. 

4 
n 
m 

i 
E: 
c, 
5 a m 

cu 
rg 

00 
In m 
rl 

W 

rl d cu 
(D Cr) a9 

0 (D rl 
In (D 00 

d m 
In Q, 
In 00 

(D In 
l- 00 
0 Q, 
4 

0 * cv In 

c, 
4 

k 
0 

E: 
d 

rl 
rl 
.rl 
c, 
m 
Q, 
In 
Q, 
rl 

m 
d 

k 
a, 
P 
0 
c, 
V 
0 

n 

-. 

n 
pc 

k 
a, 
k 
0 
rl a x w 
rl 

d 

Q, 
In 
Q, 
4 

W 

c, 
d 
P 
k 
0 

E: 
d 

k 
a, 
M 
E: 
0 
4 

0 
F: 

0 cv 

FI 
(D 
Q, 
4 

m 
4 

k 
Q, 

E 
0, > 

-. 

n 

d 
(D 
Q, 
rl 

m 
4 

k 
a, 
P 
0 
c, 
0 
0 

k 
al 
k 
a, > 
0 
V 
VI 
d 

- 

n 
W 

rl 

t 
d 
rl 
(D 
Q, 
rl 

n 
4 

a, 
V 
-I+ 

? 
cd 
k 
0 
2 

cv m 
-. 

0 cv 
rl 
00 

c, 
d 
P 
k 
0 

E: 
d 

L 
hi 
M c 
0 
rl 

0 
E: 

0 v 
a E: 
cd 

0 cu 

cv 

rl 

00 
c u 

8 
-. 

2 
rl 
(D 
Q, 
rl 

cu 
4 

k 
a, 
P 

V 
a, 

k 
a, 
k 
a, 

V m 
d 

-. 

n 

g 

n 
v 

rl 

Y 
I 
d 
4 
(D 
Q, 
rl 

n 
cu 
a, 
0 
d 

7 
cd 
k 
0 
2; 

(D m 
-. 

3 



. .  
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40,018°N 88.327OW 
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dumping" of electrons from the outer radiation belt. It appears from P I  

preliminary data that the dumping is strong enough to excite two-stream 

instabilities. Semi-quantitative arguments are used to investigate this 

possibility in Part VI. This theory, if accepted) can explain some of the 

experimental observations. 

1-1 Satellites and Transmitting Frequencies 

The satellites utilized in this study are listed in Table 1. 

1-2 Locations of Observer 

Data have been obtained from the following locations: 

Table 2. Geographic Coordinates of Observing Stations 
__ - - - - - - - - ~ - 

Station Latitude Longitude 
I I 

Baker Lake 

Aberys twyth 

B1 ax1 and 

Lower Hutt 

Stanford 

64.3ON 

52.4ON 

33.75OS 

41.2OS 

37 ~ 4ON 

96 ~ low 

4. low 

209.4OW 

185. low 

122.6OW 

- _ _  _. 

Data Communicated by 
- - - _ _  ~ 

Univers i ty of I1 1 inois 

University of Illinois 

University College of 
Wales (W. J.G. Beynon) 
Radio Research Board 
Laboratory (G. H. Munro) 
Dominion Physical Labora- 
tory (J. Mawdsley) 
Stanford University 
( O . K .  Garriott) 

~~~ _ _ _ _ _ _ _ _ ~  ~ 

The receiving and recording techniques utilized in this study have been 

discussed elsewhere (Swenson, 1962) 

1-3. SamDle Records 

Fig. 1 displays some typical samples of amplitude scintillation records. 

It is obvious that the scintillation rate at Urbana is much lower than at 

CASE FILE COPY 



5 

( a )  URBANA, 2343 CST, JAN 23, 1960. (LEFT TRACE SHOWED 

SCINTILLATION,  RIGHT TRACE NO SCINTILLATION, NOTE THE SPIN 

AND FARADAY FADINGS.) 

(b) BAKER LAKE, 1015 CST JAN. IO, 1960. (SECOND 
MARKS ON THE LOWER SCALE. )  

Fig.  1 Sample S c i n t i l l a t i o n  Records 
on 20 mc/s (1959 Iota 1)  
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Baker Lake. 

As t h e  sunspot  number and t h e  average  s c i n t i l l a t i o n  a c t i v i t y  d e c l i n e d ,  

l e n s - l i k e  d i f f r a c t i o n  was observed a t  times. F ig .  2 shows one such  r eco rd .  

T h i s  i s  probably the  same phenomenon observed by Wild and Rober t s  (1956).  

I n  t h i s  i n v e s t i g a t i o n  t h e  s c i n t i l l a t i o n  phenomenon shown i n  F ig .  1 is  

s tud ied ,  r a t h e r  than t h e  phenomenon shown i n  F ig .  2 
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F a l l  58 Winter  58 Spr ing  59 

42 61 4 1  

11. STATISTICS OF DATA 

Summer 59 F a l l  59  Winter 59 S p r i n g  60 

48 67 7 53 

Here w e  g i v e  the  s t a t i s t i c s  o f t h e  d a t a  from which t h e  p r e s e n t  

i n v e s t i g a t i o n  i s  based. 

11-1. S t a t i s t i c s  of  Data  

I n  t h e  s tudy  of s easona l  behavior  t h e  fo l lowing  d e f i n i t i o n s  are 

adopted:  

Spr ing:  Feb. 15 - May 15 

Summer: May 15  - Aug. 1 5  

F a l l :  Aug. 15 - Nov. 15  

Winter: Nov. 15 - Feb. 15 (next  y e a r ) .  

I n  Tab le  3 t h e  numbers of Urbana r eco rds  used i n  t h e  s tudy  are l i s t e d .  Only 

passages  corresponding t o  s a t e l l i t e  h e i g h t  300 km o r  above are  used. This  

accounts  f o r  t h e  small  number of passages i n  t h e  f a l l  season  of 1959 when 

s a t t e l i t e  1958 6 was i n  a low o r b i t  and 1958 1 n o t  y e t  launched.  

Table 3 .  Number of Passes  Recorded a t  Urbana 

Summer 60 I F a l l  60 I 
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54 m c / s  (1960 I o t a )  

S i n c e  t h e  s i g n a l  from 1958 Delta 2 w a s  keyed and t h a t  from 1959 I o t a  

showed pronounced s p i n  f a d i n g  a completely q u a n t i t a t i v e  d e f i n i t i o n  of 

s c i n t i l l a t i o n  index  i s  not  poss ib l e .  In  o r d e r  t o  show t h e  s e m i q u a n t i t a t i v e  

behavior  s c i n t i l l a t i o n  i n d i c e s  0, 1 and 2 a r e  ass igned  t o  p o r t i o n s  of am- 

p l i t u d e  r eco rds  by v i s u a l  i n spec t ion .  The procedure w a s  used i n  a previous  

paper  (Yeh and Swenson, 1959) and has  been adopted by o t h e r  obse rve r s  

(Liszka,  1963a).  I n  i n v e s t i g a t i - n g  t h e  average  behavior  of s c i n t i l l a t i o n  

i t  is also convenient  t o  p r e s e n t  t h e  s c i n t i l l a t i o n  index  on a percentage  

b a s i s .  H e r e  w e  u se  a l i n e a r  s c a l e  so t h a t  t h e  average  s c i n t i l l a t i o n  index  

of 2 corresponds t o  lo@, 1 t o  50&, etc.  S i n c e  1960 I o t a  1 is t r a n s m i t t i n g  

on 54 m c / s  w i th  no undes i r ab le  modulation, a more q u a n t i t a t i v e  d e f i n i t i o n  

of s c i n t i l l a t i o n  index is p o s s i b l e .  I f  A is t h e  average  v a l u e  of t h e  ampli- 

t ude  (o r  t h e  ampli tude i n  t h e  absence of i r r e g u l a r i t i e s l a n d  A A  t h e  f l u c t u -  

a t i o n s  t h e  s c i n t i l l a t i o n  is def ined  as 

0 

W e  n o t e  t h a t  S2 is  e s s e n t i a l l y  t h e  r a t i o  of t h e  "noise" power t o  t h e  average  

power. 

According t o  t h e s e  d e f i n i t i o n s  of s c i n t i l l a t i o n  index Table  4 g ives  

t h e  pe rcen t  occur rences  of each kind of s c i n t i l l a t i o n  r eco rd  of i n t e r e s t .  

Th i s  t a b l e  shows t h a t  t h e  s c i n t i l l a t i o n  nea r  sunspot  minimum (1961 Omicron 

d a t a )  i s  n o t  apprec i ab ly  less common than  t h a t  nea r  sunspot  maximum (1958 I 
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D e l t a  and 1959 I o t a )  even though i t  is  shown i n  Part V I  t h a t  t h e ’ a c t i v i t y  i s  much 

weaker as t h e  sunspot  number d e c r e a s e s .  Note t h a t  t r a n s i t i o n s  occurred  21% of 

the t ime  n e a r  sunspot  maximum and only 7% of t h e  t i m e  near sunspo t  minimum. 

Tab le  4. S c i n t i l l a t i o n  S t a t i s t i c s  

1958 6 2 and 1959 b. (20 mc/s) 

N o  s c i n t i l l a t i o n  i n  t h e  e n t i r e  pass  

S = 2 f o r  t h e  e n t i r e  pass  

A t  l eas t  p a r t  of t h e  pass  has  S = 0 

A t  l eas t  p a r t  of t h e  pass  has  S = 2 

A t  l e a s t  p a r t  of t h e  p a s s  has  s c i n t i l l a t i o n  

T r a n s i t i o n  observed from S = 0 t o  2 o r  v i c e  v e r s a  I 

33% 

7% 

87% 

33% 

67% 

21% 

1961 0 (54 mc/s) 

N o  s c i n t i l l a t i o n  i n  t h e  e n t i r e  p a s s  37% 

38% 

25% 

A t  l e a s t  p a r t  of t h e  pass  has S = 0 70% 

0 < S < - 0 .2  f o r  t h e  e n t i r e  pass  

0.2 < S f o r  t he  e n t i r e  pass  

A t  l e a s t  p a r t  of t h e  pass  has  0 < S - < 0 . 2  

A t  l eas t  p a r t  of t h e  pass  has  S > 0.2  

50% 

25% 

T r a n s i t i o n  observed from S = 0 t o  S > 0.2 o r  v i c e  v e r s a  7% 

11-2 Amplitude P m b a S i l i t y  Dens i ty  

In  t h e  presence of i r r e g u l a r i t i e s  t h e  wave is  s c a t t e r e d ;  hence , the  s i g n a l  

when r ece ived  on the  ground i s  t h e  r e s u l t a n t  of a l a r g e  number of v e c t o r s .  

When t h e  s c a t t e r i n g  i s  s u f f i c i e n t l y  i n t e n s e  s o  t h a t  t h e  ampl i tude  of t h e s e  
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v e c t o r s  i s  random and t h e  phase i s  uniformly d i s t r i b u t e d  t h e  d i s t r i b u t i o n  of 

t h e  ampl i tude  i s  Rayleigh, o therwise  i t  is  some g e n e r a l i z a t i o n  

d i s t r i b u t i o n .  I f  i n  a d d i t i o n  t o  t h e s e  random v e c t o r s  t h e r e  is a c o n s t a n t  

v e c t o r  t h e  ampl i tude  becomes R i c e - d i s t r i b u t e d  ( R i c e ,  1944-45). The R i c e  

of Rayle igh  

d i s t r i b u t i o n  approaches t h e  Gaussian d i s t r i b u t i o n  as t h e  c o n s t a n t  v e c t o r  b e  

comes r e l a t i v e l y  l a r g e .  Most of t h e  s c i n t i l l a t i o n  r e c o r d s  show Gaussian 

d i s t r i b u t i o n .  ButLat Baker Lake i n  1959 and 1960 t h e  ampl i tude  may a l s o  have 

R i c e  and even Rayleigh d i s t r i b u t i o n s ,  i n d i c a t i n g  t h e  e x i s t e n c e  of m u l t i p l e  

s c a t t e r i n g .  Fig.  3 shows a few amplitude d i s t r i b u t i o n s .  

11-3 A u t o c o r r e l a t i o n  Funct ion  

F i g .  1 showed t h a t  t h e  s c i n t i l l a t i o n  rate a t  Baker Lake i s  much f a s t e r  

t h a n  t h a t  a t  Urbana. A similar e f f e c t  i s  a l s o  shown i n  F ig .  4 where t y p i -  

cal c o r r e l a t i o n  f u n c t i o n s  of t h e s e  two s t a t i o n s  are p l o t t e d .  These au to-  

c o r r e l a t i o n  f u n c t i o n s  are very  s i m i l a r  t o  t hose  ob ta ined  t h e o r e t i c a l l y  (Xeh, 

1962) 
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Fig. 3 Examples of Amplitude Distributions 
(20 mc/s. Baker Lake) 
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1.0 

0.5 

0 

0 .  025 .050 ,075 0.10 0.125 0.150 0.175 0.20 

Fig. 4 Auto-Correlograms of Scintillating 
Amplitude of Satellite Signals on 
20 mc/s. 
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111. DEPENDENCE OF SCINTILLATION ON GEOMETRY 

The study of scintillation is complicated by its dependence on geometry. 

Before proceeding to study the properties of scintillation-producing irregu- 

larities it is important to understand the geometrical aspects of the problem. 

In his important review paper, Booker (1958) examined the zenith angle depen- 

dence of the amplitude scintillation and found disagreement between his simple 

theory and the experimental results obtained at Manchester and thus termed 

anomalous the Manchester zenith angle data. Further observations (Little, et 

al., 1962) confirmed earlier Manchester results concerning the relative ab- 

sence of zenith angle effect--much below Booker's theoretically predicted 

values. In the meantime further theoretical calculations (Yeh, 1962; Briggs 

and Parkin, 1963) also demonstrated that the weak dependence of scintillation 

on zenith angle f o r  a high latitude station is attributable to the compensa- 

ting effects of magnetic field alignment of anisotropic irregularities and 

the effective thickness of the region of irregularities, 

There is at present enough experimental eyidence to indicate beyond ques- 

tion that the scintillation-producing irregularities are in the ionosphere, 

ranging from 100 km up to perhaps 1000 km (For discussion on heights, see 

Chivers, 1963). Indications are that the region may be quite thin at times 

and may also be thick at other times, depending on the degree of disturbance 

and the geomagnetic location of the observer. It is also found experimentally 

that irregularities may be at different heights in different parts of the 

sky (Yeh, et al., 1963). These irregularities are really fluctuations in 

the electron density, hence the stochastic nature of the problem. The correla- 

tion function of the density fluctuations has ellipsoidal symmetry with 
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dimensions of t h e  o r d e r  1 km by 5-10 km and wi th  major a x i s  a l i g n e d  wi th  t h e  

E a r t h ' s  magnetic f i e l d  l i n e s  (Spencer, 1955; DeBarber, e t  a l . ,  1962). The 

a n i s o t r o p i c  n a t u r e  of t h e s e  i r regular i t ies  in t roduces  added compl ica t ions  i n  

t h e  theory  but  they  are very  e s s e n t i a l  i n  o r d e r  t o  i n t e r p r e t  c o r r e c t l y  t h e  

exper imenta l  data,  Therefore ,  t h e  phys ica l  model u s u a l l y  chosen is  e i t h e r  a 

p l ane  s l a b  o r  a s p h e r i c a l  s h e l l  whithin which are conta ined  a n i s o t r o p i c  

f l u c t u a t i o n s  i n  t h e  d i e l e c t r i c  cons tan t  (o r  t h e  e l e c t r o n  d e n s i t y ) .  The 

r e c e i v e r  i s  s i t u a t e d  approximately 300 km below t h e  s l a b  ( o r  s h e l l )  and t h e  

t r a n s m i t t e r  may be anywhere from t h e  bottom of t h e  s l a b  (o r  s h e l l )  t o  an in- 

f i n i t e  d i s t a n c e  above t h e  s l a b ,  I n  o r d e r  t o  s i m p l i f y  t h e  theory  f u r t h e r  t h e  

s l a b  is  vaguely termed " th in"  t o  s u i t  one 's  convenience.  Th i s  p r a c t i c e  g ives  

no r e g i o n  of v a l i d i t y  of t h e  theory,  e s p e c i a l l y  as t h e  s l a b  may a l s o  be q u i t e  

t h i c k  (hundreds of k i lome te r s )  i n  which case t h e  t h i n  s l a b  theory  no longe r  

a p p l i e s  ~ 

111-1, Zeni th  Angle Dependence 

I f  t h e  e l e c t r o n  d e n s i t y  f l u c t u a t i o n  i s  assumed t o  be a s t a t i o n a r y  process  

(with r e s p e c t  t o  s p a t i a l  coo rd ina te s ) ,  t h e  ampl i tude  and t h e  phase of t h e  wave 

a f t e r  pass ing  through t h e  s l a b  region are no t  n e c e s s a r i l y  s t a t i o n a r y  i n  t h e  

s t a t i s t i c a l  sense (with r e s p e c t  t o  t ime) as t h e  s a t e l l i t e  speeds  a c r o s s  t h e  

sky ,  The n o n - s t a t i o n a r i t y  comes about because of t h r e e  f a c t o r s :  t h e  change 

i n  t h e  e f f ec t ive  th i ckness  of t h e  s lab ,  t h e  change i n  t h e  d i r e c t i o n  of propa- 

g a t i o n  wi th  r e s p e c t  t o  t h e  e longat ion  of t h e  c o r r e l a t i o n  f u n c t i o n  of t h e  e l e c -  

t r o n  d e n s i t y ,  and t h e  change i n  t h e  e f f e c t i v e  d i s t a n c e s  between t h e  t r a n s m i t -  

t i n g  s a t e l l i t e  and t h e  s l a b  and between t h e  s l a b  and t h e  r e c e i v e r .  The e f f e c t  
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of t h e  l as t  f a c t o r  i s  r e l a t i v e l y  small i n  a s i n g l e  s a t e l l i t e  passage and w e  

s h a l l  t empora r i ly  ignore  i t  and t a k e  i t  up a g a i n  i n  a l a t e r  s e c t i o n .  

A t h e o r e t i c a l  d i s c u s s i o n  of t h e  z e n i t h  a n g l e  dependence i s  g iven  by 

Briggs and Pa rk in  (1963) u s i n g  t h e  "phase changing screen" concept  and 

t h e  d i f f r a c t i o n  theory.  Using t h e  s c a t t e r i n g  approach, a s t u d y  of two 

s p e c i a l  cases h a s  been carried o u t  (Yeh, 1962) and i t  is shown t h a t  f o r  a 

s t a t i o n  wi th  magnetic d i p  ang le  70 t h e  z e n i t h  a n g l e  dependence i s  expected 

t o  be weak. 

0 

Experimental  s tudy  of t h e  z e n i t h  a n g l e  dependence i s  d i f f i c u l t  because 

of t h e  s c i n t i l l a t i o n  dependence on o t h e r  f a c t o r s  (e.g. ,  geomagnetic l a t i t u d e ,  

e t c . ) .  Most of t h e  r a d i o  s t a r  s c i n t i l l a t i o n  d a t a  (Booker, 1958; L i t t l e ,  e t  

a l . ,  1962) tend t o  s u p p o r t  weak z e n i t h  a n g l e  dependence, e s p e c i a l l y  i f  t h e  

a n g l e  i s  less than about  60 , 
0 

111-2. S i z e  of I r regular i t ies  

I n  formulat ing t h e  problem i t  i s  u s u a l l y  assumed t h a t  t h e  c o r r e l a t i o n  

f u n c t i o n  of t h e  d i e l e c t r i c  c o n s t a n t  o r  of t h e  e l e c t r o n  d e n s i t y  i s  Gaussian 

wi th  p r o l a t e  sphe ro ida l  symmetry. The assumption of Gaussian shape i s  pure ly  

f o r  convenience and has  no p h y s i c a l  b a s i s .  But even t h e r e  t h e  c o r r e l a t i o n s  

of t h e  ampl i tude  and t h e  phase are no t  n e c e s s a r i l y  Gaussian i n  g e n e r a l .  I t  

should a l s o  be cautioned t h a t  t h e  c o r r e l a t i o n  d i s t a n c e s  of t h e  wave ampl i tude  

and phase are no t  s i m p l y  ob ta ined  by i n t r o d u c i n g  t h e  geomet r i c  m a g n i f i c a t i o n  

f a c t o r  even i n  the l i m i t  of weak s c a t t e r i n g .  Due t o  t h e  a n i s o t r o p i c  n a t u r e  of 

t h e s e  i r r e g u l a r i t i e s  such a procedure may i n t r o d u c e  a f i f t y  p e r c e n t  e r r o r ,  

which i s  apprec iab le  i n  t h e  more r e f i n e d  measurements, 
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I t  has  been shown t h a t  t h e  acerage maximum of t h e  ampl i tude  is uniquely  

r e l a t e d  t o  t h e  c o r r e l a t i o n  d i s t a n c e  f3r a g iven  form of power spectrum (Rice, 

1944 and 1945) .  Therefore ,  i f  t h e  r ece ived  s i g n a l s  ( e s s e n t i a l l y  narrow band 

n o i s e )  are assumed t o  have i d e n t i c a l  power s p e c t r a ,  t h e  coun t ing  of maxima 

could  g i v e  d i r e c t l y  t h e  s i z e  of i r r e g u l a r i t i e s .  The assumption h e r e  i s  con- 

s t a n c y  i n  t h e  shape of t h e  power spectrum and i t  is very  doub t fu l  whether t h i s  

i s  v a l i d  f o r  s c i n t i l l a t l n g  s i g n a l s .  

a n a l y s i s  t h e  c x n t i n g  of mazina i s  a much s imple r  and easier t a s k  than  compu- 

t a t i o n  of c o r r e l a t i o n  f u n c t i m s .  For- purposes  of rough estimates t h e  count ing  

procedure w i l l  be used, keeping i n  miqd t h a t  t h e  va lues  s o  obta ined  may be o f f  

by as much as f i f t y  p e r c e n t .  

Never the less ,  from t h e  s t a n d p o i n t  of d a t a  

The r e s u l t s  of such  a rough a n a l y s i s  are shown i n  Table  5. Only p o r t i o n s  

of t h e  records  cor responding  t o  s a t e l l i t e  p o s i t i o n s  nea r  p o i n t s  of c l o s e s t  

approach t o  t h e  r e c e i v i n g  s t a t i o n  holve been used. 

is roughly t h e  d i m e n s i m  perpendacular  t o  t h e  magnetic f i e l d  l i n e s  s i n c e  a l l  

L i s t e d  s t a t i o n s  have h igh  magnetLC d i p  ang le s .  I n  Table  5 w e  see t h a t  t h e  

s i z e s  measured a t  Houghtoa and Adak are n e a r l y  e q u a l ,  Although Adak i s  a t  a 

h i g h e r  l a t i t u d e  than  Houghton, they are r e a l l y  very  c l o s e  t o  t h e  same a u r o r a l  

isochasm, as de r ived  t h e o r e t i c a l l y  by Bes t ine  and S i b l e y  (1960). Th i s  obser- 

v a t i o n  s u g g e s t s  a connect ion between t h e  s c j n t i l l a t i o n  and t h e  geomagnetic 

f i e l d .  I t  i s  a l s o  i n t e r e s t i n g  to note  t h a t  t h e  s i z e s  are Lapger a t  Houghton 

than  a t  e i t h e r  h igher  (Baker Lake) or lower (L'rbaia) magnet ic  La t i tudes .  I t  

i s  no t  y e t  known whether t h i s  is a genuine e f f e c t  t h a t  ho lds  a t  a l l  t i m e s  or 

whether i t  w a s  t r u e  only du r ing  the three months t h a t  obse rva t ions  were made. 

Hence, t h e  measured s i z e  
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Before leaving this section it should be mentioned that the size obtained 

depends on a theory which assumes "weak" scattering. 

to be valid in most cases on 20 mc/s (See 111-5). However, in January, 1960 

the scintillation at Baker Lake was extremely violent and the amplitude may 

even have a Rayleigh probability density (See Fig. 31, suggesting that multi- 

ple scattering must be taken into account. Therefore, the value of 0.26 km 

given for Baker Lake station in Table 5 must be taken as a lower limit. 

This assumption appears 

Table 5. Scintillation Rate (peaks/sec) and "Size (km)" of 

Irregularities Perpendicular to the Earth's Magnetic Field Lines 

Baker Lake Houghton Adak Urbana 

- - - Rate 30 + 6 January 1960 - 
- - * 

11 S izett 0.26-tO.07 - (1958 %, 20 mc/sec) - 

December 1961 - February 1962 Rate 8.0+4.9 - 1.5~0.7 - 1.3~0.5 - 2.6-tO.7 - 

(Nora-Alice 11, 20 mc/sec) 'I Size" 1 .8 - t l . 4  - 5,4+2.0 - 5,8+2.0 - 3.0j0.7 - 

* 
This value may be in error due to possible presence of multiple scattering. 

111-3. Height of Irregularities 

The earliest study of irregularity heights was made by means of the ver- 

tical incidence sounder (Booker and Wells, 1938). Only when the irregularities 

appear below the peak of the F2 region can such measurements be made. In 

the case of radio star observations heights can be estimated approximately if 

there are simultaneous measurements of amplitude and phase scintillations 

(Hewish, 1952). Some of these early results have been summarized by Chivers 
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(1963) ,  S i n c e  t h e  advent  of rocke ts  and satell i tes,  measurement techniques  

have been much improved, 

km t o  1000 km have been observed by means of r o c k e t s  (Calver t ,  e t  a l . ,  1962) .  

Among t h e  v a r i o u s  s a t e l l i t e  techniques,  two g i v e  t h e  most unambiguous r e s u l t s ;  

bo th  are spaced-rece iver  methods. 

I n  a few cases ,  i r r e g u l a r i t i e s  a t  h e i g h t s  from 400 

The f i r s t  method makes use of t h e  so -ca l l ed  "edge" e f f e c t .  As mentioned 

i n  11-1, r a d i o  s i g n a l s  rece ived  from t h e  s a t e l l i t e  o f t e n  d i s p l a y  a s h a r p  

t r a n s i t i o n  from s l o y  quas i -per iodic ,  Faraday f a d i n g  t o  f a s t ,  random f l u c t u a t i o n s  

i n  

of a pa tch  con ta in ing  i r r e g u l a r i t i e s .  I f  two r e c e i v e r s  are placed p a r a l l e l  t o  

t h e  s u b s a t e l l i t e  t r a c k  and a d i s t a n c e  somewhat more than  10 km a p a r t ,  a d i f -  

f e r e n c e  of a few seconds i s  observed i n  t h e  t i m e  of t r a n s i t i o n  as s e e n  from 

t h e  two s t a t i o n s .  By t r i a n g u l a t i o n  t h e  h e i g h t  of t h e  i r r e g u l a r i t i e s  can be  

computed, This  method has  been used by a number of i n v e s t i g a t i o r s  (Pa r thasa r -  

a thy  e t  a l , ,  1959,  Munro, 1963).  A sample r eco rd  t aken  a t  t h e  Un ive r s i ty  of 

I l l i n o i s  i s  shown i n  F igure  5 .  The h e i g h t  deduced f o r  t h i s  record  is 395 - + 10 km. 

The second method depends on the c o r r e l a t i o n  of t h e  s i g n a l s  r ece ived  by 

ampli tude,  i n d i c a t i n g  t h a t  t h e  ray  has j u s t  i n t e r c e p t e d  and passed t h e  edge 

two c l o s e l y  spaced r e c e i v e r s .  The spac ing  h e r e  is u s u a l l y  n o t  more than  a 

few k i lome te r s .  By n o t i n g  t h e  similar f a d e s  on two o r  more r e c e i v e r s  t h e  

h e i g h t  can be computed by t r i a n g u l a t i o n .  Th i s  method has  a l s o  been used by 

a number of i n v e s t i g a t o r s  (Fr ihagen and Trbim, 1960; B a s l e r  and D e W i t t ,  1962  

DeBarber, e t  a l . ,  1962; Liszka,  1963 b Je spe r sen  and K a m a s ,  1963) ., The re- 

s u l t s  of a l l  t h e s e  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t h e s e  i r r e g u l a r i t i e s  may appear  

a t  h e i g h t s  ranging  from 100 km t o  1000 km above t h e  s u r f a c e  of t h e  Ea r th .  Be- 

cause  of i n s u f f i c i e n t  d a t a  t h e s e  past  r e s u l t s  do no t  g i v e  s t a t i s t i c a l  in fo rma t ion  
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(hanute Air Force Base Station I + 

S a t e l l i t e  1960 mal 5 4  mc Nov. 10, 1960 

Baseline 21.5 miles, 28 deg. azimuth. 

miv. of I l l i n o i s  M n t i c e U o  Road Station 

F ig ,  5 Sample Records Showing Time Delay 

( t ime d e l a y  = 5 . 2 5  
in t h e  Onset of S c i n t i l l a t i o n  
(Edge Effect) 
+ 0 . 2 5  s e c . )  - 
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about the height distribution of irregularities. The preliminary statistical 

study of such a nature at the University is summarized in Fig. 6 .  (This 

figure was first presented earlier [Yeh, et al., 19631 in slightly different 

form. The modification is necessary since a patch of irregularities of the 

same size will be observed a longer time if it is low than if it is high. We 

acknowledge here the work of J. P. McClure who is preparing a more extensive 

and detailed study of heights.) The data consist of approximately 150 minutes 

of scintillation records taken in 1962, mostly in November and December. 

%te that most of the irregularities are concentrated in the F-region in a 

narrow height range from 300 km to 400 km with a very minor secondary E-region 

peak. These data are very important in the search for an explanation of the 

existence of irregularities. 

111-4. Height of Satellite 

The problem of scintillation dependence on the height of the satellite 

has been studied theoretically (Yeh, 1962). It is shown that the amplitude 

scintillation increases monotonically, while the phase scintillation decreases 

monotonically, as the height of the satellite above the irregularities in- 

creases ~ 

The corresponding experimental study is usually very difficult since the 

height of the satellite changes very slowly and during this time changes due 

to other effects (e-g., diurnal, seasonal, or the change in irregularity height 

etc.) may overshadow the relatively weak dependence on satellite height. On 

one occasion during the last few weeks of the life of Sputnik 111 (1958 Delta 2) 

it was possible to make a rough study of this nature. During these few weeks 
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t h e  o r b i t a l  per iod  w a s  decreas ing  r a p i d l y  and t h e  s a t e l l i t e  was t r a n s m i t t i n g  

a C . W .  s i g n a l  on 20 mc/s, only when i n  s u n l i g h t .  The s c i n t i l l a t i o n  index  w a s  

ob ta ined  when t h e  sa te l l i t e  w a s  c l o s e  t o  i t s  p o i n t  of c l o s e s t  approach a t  Baker 

Lake. The r e s u l t  is dep ic t ed  i n  Fig.  7 ,  which shows t h a t  as t h e  sa te l l i t e  de- 

creases i n  h e i g h t  t h e  ampli tude s c i n t i l l a t i o n  a l s o  dec reases  as p r e d i c t e d  by t h e  

theo ry .  

d u r i n g  t h e  r e l a t i v e l y  s h o r t  per iod of s e v e r a l  weeks o t h e r  e f f e c t s  are a l s o  i m -  

p o r t a n t .  Another f e a t u r e  of F ig .  7 i s  t h a t  t h e  s c i n t i l l a t i o n  w a s  n e g l i g i b l e  

when t h e  s a t e l l i t e  w a s  below about 200 km, which g i v e s  t h e  lower boundary of 

t h e  r eg ion  of i r r e g u l a r i t i e s .  This obse rva t ion  i s  i n  agreement wi th  t h e  h e i g h t  

d i s t r i b u t i o n  g iven  i n  F ig .  6. 

There i s  a l s o  a l a r g e  spread i n  t h e s e  po in t s ,  s u g g e s t i n g  t h a t  even 

111-5. Frequency Dependence 

The dependence of s c i n t i l l a t i o n  on frequency is q u i t e  complicated because 

t h e  geometry u s u a l l y  p l aces  t h e  r e c e i v e r  a t  such  a p l a c e  t h a t  n e i t h e r  f a r - f i e l d  

nor  n e a r - f i e l d  approximations are v a l i d .  The s tudy  of f requency dependence 

has  been made wi th  r a d i o  s t a r  s c i n t i l l a t i o n s  (Chivers,  1 9 6 0 a ) .  I n  t h e  case of 

s a t e l l i t e  s c i n t i l l a t i o n s  such a s tudy has  been hampered by t h e  l a c k  of a 

s u i t a b l e  mult i - f requency s a t e l l i t e  and has  y e t  t o  be undertaken.  According 

t o  t h e  weak-random-medium theory  the average  rate of s c i n t i l l a t i o n  is almost  

independent  of f requency.  This  has been found t o  be t r u e  i n  s c i n t i l l a t i o n s  of 

r a d i o  stars (Booker, 1958; Chivers,  1960) .  Some d a t a  c o l l e c t e d  a t  Urbana on 

54 m c / s  and 150 m c / s  from 1961 Omicron are g iven  i n  F ig .  8 .  The s c i n t i l l a t i o n  

ra te  is de f ined  h e r e  as t h e  average number of peaks p e r  second. The c l o s e n e s s  

of t h e s e  p o i n t s  t o  t h e  s t r a i g h t  l i n e  i n d i c a t e s  t h e  l a c k  of dependence on 
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frequency, This is an excellent check on the validity of application of the 

weak random medium theory. 

the single-scatter theory of the weak random medium seems to be applicable 

at a frequency of 54 mc/s or higher, 

Hence, at least during the period investigated, 
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I V .  MORPHOLOGY OF IRREGULARITIES 

The s tudy  of i r r e g u l a r i t i e s  by means of sa te l l i t e  r a d i o  s i g n a l s  has been 

c a r r i e d  ou t  f o r  about  one-half of t h e  p r e s e n t  sunspot  c y c l e  and it is now 

p o s s i b l e  t o  summarize t h e  r e s u l t s .  Rela ted  s t u d i e s  have a l s o  been c a r r i e d  o u t  

by many i n v e s t i g a t o r s  (Kent, 1959; Liszka,  1963a and b ;  k n r o ,  1963; R a w e r ,  

1962; S i n g l e t o n  and Lynch, 1962; Yeh and Swenson, 1959) .  

I V - 1 .  D iu rna l  Var i a t ion  

S c i n t i l l a t i o n  is predominately a n igh t t ime  phenomenon b u t  i t  is  observed 

occas iona l ly  i n  t h e  daytime as w e l l .  

behavior  of s c i n t i l l a t i o n  on 20 mc/s f o r  f o u r  seasons  near t h e  sunspot  maximum 

( S a t e l l i t e s  1959 D e l t a  2 and 1959 I o t a  1 )  and on 54 m c / s  f o r  similar pe r iods  

nea r  t h e  sunspot  minimum (1961 Omicron 1) are shown i n  F igs .  9 and 10  respec-  

t i v e l y .  One i n t e r e s t i n g  observa t ion  is t h a t  t h e  d i u r n a l  v a r i a t i o n  seems 

weakest i n  t h e  win te r  nea r  sunspot  minimum. 

For comparison purposes,  t h e  d i u r n a l  

IV-2. L a t i t u d e  Dependence of Nighttime S c i n t i l l a t i o n  

The e a r l y  obse rva t ions  of s a t e l l i t e  s c i n t i l l a t i o n s  a t  n i g h t  i n d i c a t e d  

s t r o n g  dependence on t h e  geomagnetic l a t i t u d e .  Nearly always, a sa te l l i t e  

coming from t h e  n o r t h  d i sp layed  s c i n t i l l a t i o n  u n t i l  i t  a r r i v e d  overhead a t  

Urbana; t hen  as i t  cont inued southeastward, t h e  s c i n t i l l a t i o n  suddenly d i sap -  

peared and t h e  s i g n a l  d i sp l ayed  r e g u l a r  Faraday f ad ing .  Northbound passages  

showed t r a n s i t i o n s  i n  t h e  oppos i t e  s e n s e  wi th  t h e  s c i n t i l l a t i o n  o f t e n  con t in -  

u ing  t o  t h e  no r the rn  r a d i o  hor izon ,  Th i s  behavior ,  observed n e a r  t h e  sunspot  

maximum, occurred du r ing  more than  20 pe r  c e n t  of a l l  t h e  recorded passages  
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(See Table 41, S i m i l a r  t r a n s i t i o n s  have a l s o  been r e p o r t e d  t o  occur  a t  Cam- 

br idge,  England (Kent, 1959) Vancouver, Canada (DeMendonca, 1960) ; and 

Boston, Massachusetts (Aarons e t  a1 , 19631, which a l l  l i e  c l o s e  t o  t h e  same 

t h e o r e t i c a l  a u r o r a l  isochasm as computed by V e s t i n e  and S i b l e y  (1960). A 

t y p i c a l  group of such t r a n s i t i o n s  i s  shown i n  F ig .  11. I n  computing t h e  l o -  

c a t i o n  of t h e  t r a n s i t i o n  p o i n t s  i t  has  been assumed t h a t  t h e  i r r e g u l a r i t i e s  

occurred a t  a cons t an t  he igh t  of 300 km, 

Near t h e  end of 1961 a 20 m q i s  r a d i o  t r a n s m i t t e r ,  Nora-Alice I, w a s  i n -  

s t a l l e d  on S a t e l l i t e  1961 Q g (Discoverer  32) and launched i n t o  a p o l a r  

o r b i t ,  The s a t e l l i t e  remained i n  o r b i t  f o r  one month. During t h i s  pe r iod  

d a t a  were obtained a t  f i v e  of t h e  s t a t i o n s  l i s t e d  i n  Tab le  1: Aberystwyth, 

Blaxland, Lower H u t t ,  S t an fo rd ,  and Urbana, A l l  of t h e s e  s t a t i o n s  observed 

t r a n s i t i o n s  a t  n ight ,  as shown i n  F i g ,  12. A l l  l i e  c l o s e  t o  t h e  a u r o r a l  i s o -  

chasms "5" (Vest ine and S i b l e y ,  1960) i n  t h e  Northern and Sou the rn  Hemispheres, 

r e s p e c t i v e l y ,  A s  t h e  s a t e l l i t e  h e i g h t  v a r i e d  from 220 t o  400 km, l i t t l e  e r r o r  

i n  t h e  geographic  p o s i t i o n  of t h e  t r a n s i t i o n  p o i n t  i s  in t roduced  by t h e  assump- 

t i o n  t h a t  t h e  i r r e g u l a r i t i e s  are a t  t h e  same h e i g h t  as t h e  s a t e l l i t e .  

1 

F i g u r e  1 3  shows one example of t h e  s t a t i s t i c a l  behav io r  of n i g h t t i m e  

s c i n t i l l a t i o n s  as a f u n c t i o n  of l a t i t u d e ,  I n  t h i s  f i g u r e  no a t t empt  has  been 

made t o  remove the geometr ic  dependence d i s c u s s e d  i n  111 ,  The v a r i a t i o n  of 

s c i n t i l l a t i o n  index is  i n t e r p r e t e d  as predominately l a t i t ude -dependen t  f o r  t h e  

fo l lowing  seasons,  ( 1 )  A s  mentioned ear l ier ,  because of t h e  a n i s o t r o p y  i n  t h e  

i r r e g u l a r i t i e s ,  the zen i th -ang le  dependence should be r e l a t i v e l y  weak, a t  least  

i n  t h e  range considered,  (2 )  The type  of r e c o r d s  wi th  t r a n s i t i o n s  p r e s e n t  

i n d i c a t e  s t r o n g  l a t i t u d e  dependence, and (3)  According t o  t h e  theo ry  (Briggs 
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and Parkin, 1963; Yeh, 1962) and observational evidence (Singleton and Lynch, 

1962) scintillations should be more pronounced when propagation is parallel 

with the Earth's magnetic field lines than when it is perpendicular to the 

field lines. (The opposite suggestion of Mawdsley, 1960, has been criticized 

by Frihagen and Trbim, 1961; Briggs and Parkin, 1963; and Singleton and Lynch, 

1962). For an observer in the northern hemisphere this means that the scintil- 

lation dependence due to zenith angle alone should be more pronounced when the 

satellite is to the south (lower latitude) than when it is to the north (higher 

latitude). Such an effect does not show up in Fig. 13. The conclusion is 

that near sunspot maximum the latitude dependence is so  strong that it over- 

shadows other minor effects. 

An example of scintillation dependence on latitude during sunspot minimum 

is shown in Fig. 14. Here the behavior is distinctly different; i.e., the 

maximum scintillation does not occur at high latitude, but rather slightly to 

the south of the observer (40 N). To investigate whether or not Fig. 14 is 

contaminated by the aspect-of-propagation effect discussed above and in section 

I11 it is necessary to examine the azimuth angle dependence. The result is 

shown in Fig, 15, in which are plotted those portions of nighttime passages 

having a zenith angle 40 -50 From the magnetic aspect argument the scintilla- 

tion is expected t o  be maximum in the magnetic south direction, corresponding 

to an azimuth of 186 In Fig. 15 the two maxima appear only slightly to the 

south of the obser~er~s l a t i t l rde  in agreement with Fig. 14 and no mzximum ap- 

pears to the magnetic south. Certainly Fig. 13 and Fig, 14 are contaminated by 

factors other than the latitude effect, but such contamination must be small, 

es pec i a1 1 y during suns pot maximum ~ 

0 

0 0  

0 
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I V - 3 .  Seasonal  and Sunspot Dependence of Night t ime S c i n t i l l a t i o n  

S t u d i e s  such  as t h a t  c a r r i e d  out  i n  IV-2, f o r  a t o t a l  of t h i r t e e n  seasons,  

are combined i n t o  a contour  p l o t  i n  F ig .  16.  Also shown i n  t h e  f i g u r e  is t h e  

smoothed sunspot  number. The fol lowing obse rva t ions  can be made: 

1 )  During t h e  sunspot  maximum t h e  average s c i n t i l l a t i o n  index  increases 

0 
s h a r p l y  a t  about  40 geographic l a t i t u d e  f o r  a l l  seasons .  

2 )  A t  h igh  l a t i t u d e s  and dur ing  sunspot  maximum t h e  average  s c i n t i l l a t i o n  

index i s  maximum i n  t h e  f a l l  s eason  and rninimum i n  t h e  summer season, 

whi le  such  seasona l  dependence is  no t  apparent  a t  a l a t i t u d e  below 

40 N or d u r i n g  sunspot  minimum. 
0 

3) From 1958 t o  1960 as t h e  sunspot  number d e c r e a s e s  t h e r e  i s  a gene ra l  

dec rease  of  s c i n t i l l a t i o n  superposed on t h e  seasona l  dependence. 

Th i s  is e s p e c i a l l y  clear i f  one compares t h e  maximum s c i n t i l l a t i o n  

from y e a r  t o  yea r .  

I t  should be emphasized t h a t  t he  contour  p l o t s  i n  F ig .  16  r e p r e s e n t  only 

t h e  average  behavior .  A c t u a l l y  the  s c i n t i l l a t i o n  is q u i t e  v a r i a b l e  from day 

t o  day, e s p e c i a l l y  d u r i n g  sunspot  maximum. For t h i s  r eason  t h e  average  s c i n -  

t i l l a t i o n  index  and t h e  unbiased estimate of t h e  v a r i a n c e  are shown i n  Table  6.  

IV-4. The D a y t i m e  S c i n t i l l a t i o n  
- 

The s c i n t i l l a t i o n  i n  t h e  daytime does no t  show a s y s t e m a t i c  l a t i t u d e  de- 

pendence as does  t h e  n igh t t ime  s c i n t i l l a t i o n .  However, bo th  seasona l  and 

sunspot  dependences are q u i t e  pronounced as shown i n  Fig.  17.  From t h i s  f i g u r e  

t h e  w i n t e r  maximum and t h e  summer minimum can be  determined, as w e l l  as t h e  

t r e n d  through t h e  years of d e c l i n i n g  sunspot  number. The behavior  i n  1962 is 
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n o t  y e t  clear, even though i t  i s  n o t  i n c o n s i s t e n t  w i t h  t h e  behavior  d u r i n g  

sunspot  maximum, a d d i t i o n a l  d a t a  r educ t ion  1s necessa ry  t o  clear up t h i s  

p o i n t  ~ 

IV-5, Magnetic A c t i v i t y  Dependence 

The maximum s c i n t i l l a t i o n  index  observed d u r i n g  each  n i g h t t i m e  s a t e l l i t e  

passage has  been c o r r e l a t e d  wi th  t h e  p l a n e t a r y  magnet ic  index, K The co r re -  

l a t i o n  c o e f f i c i e n t  i s  0 , 1 5  f o r  t h e  pe r iod  September, 1958 t o  October,  1960 on 

20 mc/s s i g n a l s  and 0 , 1 3  f o r  t h e  per iod  February,  1962 t o  February,  1963 on 

54 m c / s  s i g n a l s ,  Therefore ,  t h e  c o r r e l a t i o n  of t h e  s c i n t i l l a t i o n  index  wi th  

t h e  p l a n e t a r y  magnetic index  is  s m a l l  and p o s i t i v e ,  

P 

When t r a n s i t i o n  L a t i t u d e  i s  cor?-elated wi th  K t h e  r e s u l t i n g  c o e f f i c i e n t  

i s  -0.15, This  i n d i c a t e s  t h e  tendency of t h e s e  t r a n s i t i o n s  t o  move t o  a lower 

l a t i t u d e  when magnetic a c t i v i t y  i n c r e a s e s ,  Such an  e f f e c t  has  a l s o  been noted 

by Aarons e t  a l , ,  (19631, 

P’ 
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V ,  RELATION TO OTHER OBSERVATIONS 

V - 1 ,  R e l a t i o n  t o  I r r e g u l a r i t i e s  Observed by Other  Radio Techniques 

The c o r r e l a t i o n  of t h e  occurrence  of i r r e g u l a r i t i e s  observed by v a r i o u s  

techniques  has been a s u b j e c t  of s tudy  by many a u t h o r s  (Briggs,  1958a and b ;  

Ca lve r t ,  e t  a l . ,  1962: Carpenter  and Colin,  1963; Chivers ,  1960b; Lawrence, 

e t  a l , ,  1961; Peterson, e t  a l , ,  1955;  S i n g l e t o n  and Lynch, 1962) .  An ex ten-  

s i v e  s tudy  of t he  morphology of i onosphe r i c  i r r e g u l a r i t i e s  has  been c a r r i e d  

ou t  by t h e  s tudy  of spread-F (Shimazaki, 1959; S i n g l e t o n ,  1960 and 1962) and 

by t h e  s tudy  of r a d i o  s t a r  s c i n t i l l a t i o n  (Booker, 1958) .  

The d i u r n a l  v a r i a t i o n s  g iven  by F i g s ,  9 and 10 g e n e r a l l y  a g r e e  wi th  o t h e r  

obse rva t ions ,  e s p e c i a l l y  wi th  r ega rd  t o  t h e  maximum a t  n i g h t .  The p r e s e n t  

r e s u l t  i n d i c a t e s  t h e r e  i s  some dayt ime a c t i v i t y  which was n o t  observed a t  

Cambridge and which was observed i n  A u s t r a l i a  w i th  a dayt ime peak almost  as 

l a r g e  as t h e  n ight t ime peak, The d iscrepancy  i n  dayt ime behav io r  i s  o f t e n  

blamed on sporadic-E No sporadic-E s t a t i s t i c s  are a v a i l a b l e  f o r  comparison 

wi th  t h e  s c i n t i l l a t i o n  d a t a  p re sen ted  h e r e i n ,  

sugges t  t h a t ,  on t h e  average,  t h e  dayt ime s c i n t i l l a t i o n  and t h e  n i g h t t i m e  

s c i n t i l l a t i o n  behave d i f f e r e n t l y  i n  t h e i r  l a t i t u d e  and s e a s o n a l  v a r i a t i o n s .  

However, t h e  p r e s e n t  d a t a  do  

The experimental  obse rva t ions  of r a d i o  s t a r  s c i n t i l l a t i o n  have n o t  been 

i n  agreement w i t h  r e s p e c t  t o  seasonal  v a r i a t i o n ,  For  example, i n  A u s t r a l i a  

(Bol ton e t  al., 1953) win te r  and summer maxima and s p r i n g  and f a l l  minima were 

observed, wh i l e  i n  Canada (Hartz,  1955) no apparent  s easona l  dependence was 

r e p o r t e d ,  I t  i s  n o t  known whether such  o b s e r v a t i o n a l  d i s c r e p a n c i e s  can be 

r e c o n c i l e d  by t ak ing  sporadic-E,  a w o r a ,  low ang le  of observa t ion ,  l a t i t u d e  

e f f e c t ,  v a r i a t i o n  o f  f F2, sunspot  c y c l e  and e r r o r s  i n  sampling i n t o  account .  
0 
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Lawrence,, e t  al .  (19601, u t i l i z i n g  t h e  cosmic r a d i o  sou rce  Cygnus A, observed 

minimum s c i n t i l l a t i o n  a c t i v i t y  i n  t h e  f a l l  and maximum i n  t h e  s p r i n g .  Th i s  is 

i n c o n s i s t e n t  with t h e  p r e s e n t  da t a ,  and is probably due t o  t h e  f a c t  t h a t  Cygnus A 

is  s e e n  d u r i n g  hours  of darkness  a t  t h e i r  l o c a t i o n  (Boulder, Colorado) only from 

March through June. As t h e  s a t e l l i t e  d a t a  c l e a r l y  shows, F-region s c i n t i l l a t i o n  

occurs  a lmost  e x c l u s i v e l y  a t  n ight .  

s t u d i e d  by Shimazaki (19591, is such t h a t  t h e  p r o b a b i l i t y  of occurrence,  a t  

l a t i t u d e s  h ighe r  t h a n  30 

sunspot  maximum. The p r o b a b i l i t y  i n  t h e  f a l l  may a t  some s t a t i o n s  be comparable 

t o  that i n  win ter .  Thus, t h e  p re sen t  obse rva t ions  are i n  gene ra l  agreement w i t h  

t h e  spread-F s tudy,  e s p e c i a l l y  i f  a l lowances are made f o r  d i f f e r e n c e s  i n  obser- 

v i n g  techniques .  

The seasonal. dependence of spread-F, as 

0 
geomagnetic, is h i g h e r  i n  win te r  t h a n  i n  summer a t  

The dependence on l a t i t u d e  given by F igs .  13 and 16 is i n  good agreement 

wi th  spread-F obse rva t ions  (Shimazaki, 1959) i n  i t s  behavior  bo th  i n  t h e  sunspot  

maximum and i n  t h e  sunspot  minimum. During sunspot  maximum y e a r s  t h e  s c i n t i l l a -  

t i o n  index  as w e l l  as t h e  p r o b a b i l i t y  of occur rence  of spread-F i n c r e a s e s  r a p i d l y  

as geomagnetic l a t i t u d e  i n c r e a s e s  from 40 N t o  60  N. Due t o  averaging  of d a t a  

such  an  i n c r e a s e  appears  t o  t a k e  place over  roughly 5 i n  l a t i t u d e .  S a t e l l i t e  

obse rva t ions  i n d i c a t e  t h a t  i n  many i n s t a n c e s  such  t r a n s i t i o n s  may be ve ry  

abrupt ,  say 10 km or less. These t r a n s i t i o n  boundar ies  e x i s t  bo th  i n  t h e  

n o r t h e r n  and s o u t h e r n  hemispheres and a t  approximately t h e  same a u r o r a l  

isochasms, as i n d i c a t e d  by t h e  Nora-Alice experiment .  Study of r a d i o  s tar  

0 0 

0 
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s c i n t i l l a t i o n  a l s o  i n d i c a t e s  a c l o s e r  connec t ion  between t h e  s c i n t i l l a t i o n  

occur r ing  a t  h igher  l a t i t u d e s  i n  t h e  two hemispheres  than  between t h a t  a t  

h igh  l a t i t u d e s  and a t  t h e  equa to r  (Brenan, 19601, I n  view of t h i s  s h a r p  

edge e f f e c t  t h e  c o r r e l a t i o n  between spread-F a t  two v e r t i c a l  sounders  

s e p a r a t e d  by s e v e r a l  hundred k i l o m e t e r s  would n o t  be  expec ted  t o  be per-  

f e c t ,  

The r e l a t i o n s h i p  between magnet ic  a c t i v i t y  and i r r e g u l a r i t i e s  has  

been s t u d i e d  by a number of au tho r s .  I ts  c o r r e l a t i o n  wi th  spread-F i n  

geomagnetic l a t i t u d e s  30 -60 1 s  i n  t h e  neighborhood of +0.2 t o  +0.3 

(Shimazaki, 1959) ~ Peterson,  e t  a 1  ", (1955) observed n e g l i g i b l e  c o r r e l a -  

t i o n  between magnetic a c t i v i t y  and b a c k s c a t t e r  from f i e l d - a l i g n e d  i r r e g u -  

l a r i t i e s .  The present  i n v e s t i g a t i o n  y i e l d s  a c o r r e l a t i o n  of +0.13 t o  

0 , 1 5  (See IV-5)- Thus, t h e  c o r r e l a t i o n  of magnet ic  a c t i v i t y  wi th  irre- 

g u l a r i t i e s  i s  not  as s t r i k i n g  as wi th  a u r o r a l  a c t i v i t i e s ,  bu t  it is  pos i -  

0 0 .  

t i v e .  

V-2 R e l a t i o n  t o  Subvisual  Red Aurora l  A r c ,  P r e c i p i t a t i o n  of E n e r g e t i c  

E l e c t r o n s  and t h e  Rad ia t ion  B e l t s  
~~~ 

0 
The occurrence of monochromatic (6300 A )  s u b v i s u a l  a u r o r a l  arcs i n  

mid - l a t i t udes  was d i scove red  by B a r b i e r  (1958)-  S i n c e  then  e x t e n s i v e  

obse rva t ions  have been c a r r i e d  out  i n  bo th  sou the rn  (Duncan, 1959) and 

n o r t h e r n  hemispheres,  These a r c s  occur  a t  times when t h e r e  i s  g e n e r a l  

a u r o r a l  a c t i v i t y  t o  t h e  n o r t h .  But t h e r e  are d i f f e r e n c e s  between t h e s e  

two phenomena e s p e c i a l l y  i n  t h e i r  geographic  p o s i t i o n s  and t h e i r  t i m e  



45 

variations, The heights of maximum luminosity are around 400 km (Roach 

et al., 1960; Moore and Odencrantz, 1961). During a severe geomagnetic 

storm on November 28, 1959 two Geiger tubes on satellite 1959 Iota 

(Explorer 7 )  detected anomalies in the outer radiation zone at a height 

of about 1000 km. These anomalies appeared to correlate in space and 

time on a number of satellite passes with the observation of subvisual 

6300 2 arcs in the F region. 
as the radiation zones became less intense (O'Brien et al., 1960). Based 

The brightness of these arcs diminished 

on the observation of an arc on the night of November 27, 1959, King and 

Roach (1961) explained the emission in terms of an enhancement by three 

orders of magnitude of the ionospheric recombination coefficient. More 

recently Roach (1963) found scintillation on the very high frequency radio 

signals propagated from a polar orbiting satellite through 6300 A red arcs 
0 

and determined that the scintillation "noise power" (See 11-11 correlates 

logarithmically with the photon flux determined from the photometric 

measurements 

0 
In view of the suggested connection between subvisual 6300 A arcs 

and scintillation phenomenon Table 7 has been prepared to show the satel- 

lite radio scintillation observations on nights when red arcs were seen 

and published in the literature. This table shows that during the 

appearance of red arcs scintillation was simultaneously observed. Sub- 

sequent daytime observations indicated little scintillation if any. 
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Trans it i on 
Date CST Latitudes 

Oct. 22, 1958 2059 41.9ON 

Nov. 27, 1959 1250 - 
Nov. 27, 1959 1955 41.7'N 

Nov. 28, 1.959 0115 - 

Table 7 .  Transition Latitudes of Satellite Scintillation 

Observed at Times of Appearance of Red Arcs (6300 A) 
0 

Remarks Likerary Reference 

sharp transition Roach & Marovich, 1960 

no scintillation 

transition (30 sec.) Roach et al., 1960 

strong scintillation O'Brien et al., 1960 
throughout the passage 

I 
strong scintillation 
throughout the passage 

April 2, 1960 0023 I l -  Moore and Odencrantz, 
1960 

April 2, 1960 

April 2, 1960 

Oct. 1, 1961 

0551 - 1 scintillation through- ' out the passage 

0928 - only one small patch 
of s cint ill at ion 

0052 37.9' fairly sharp transition Tohmatsee & Roach, 1962 

In the following a more detailed discussion of each of these events is given. 

A) October 22, 1959 Event: Auroral activities observed to the north. At 2100 
0 

CST the boundary of the 6300 A arc was at about 53 N geomagnetic and the 

0 0 
scintillation boundary was found to be at about 52 N geomagnetic (or  42 N 

geographic). Since the determination of the boundary requires the assump- 

tion of height in both observations such correspondence is considered to be 

good 

B) November 27-28, 1959 Event: Sudden commencement at 1750 CST November 27. 

Auroras observed. Close correlation of the aurora and the red arc with the 
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o u t e r r d i a t i c n  belt ( O ' B r i e n  et  al., 1960).  The 1955 CST pass  had a t r a n s i t i o n  

roughly  a t  42ON and t h e  0115 CST pass  had s c i n t i l l a t i o n  throughout t h e  

passage. The f i r s t  photometric o b s e r v a t i o n  w a s  made a t  2222 CST when t h e  

arc w a s  moving s t e a d i l y  sou th .  A t  0115 CST, t h e  band of t h e  red arc ap- 

peared w i t h i n  t h e  d i p  a n g l e  range 66 -72 whi le  t h e  r a d i a t i o n  coun t ing  rate 

had a maximum n e a r  t h i s  range  and decreased  bu t  w a s  s t i l l  a p p r e c i a b l e  t o  

t h e  n o r t h  of t h e  band and decreased  t o  a n e g l i g i b l y  s m a l l  amount t o  t h e  

s o u t h  of t h e  band. The h e i g h t  of t h e  red arc was found t o  be a t  400 km by 

t r i a n g u l a t i o n  (Roach e t  al . ,  1960). These o b s e r v a t i o n s  are q u i t e  compat ib le  

w i t h  t h e  s c i n t i l l a t i o n  r e s u l t s .  

0 0  

C) A p r i l  1-2, 1960 Event: Magnetic s to rm occurred.  During t h e  pe r iod  0015 

t o  0515 CST t h e  h e i g h t  of t h e  red arc w a s  determined t o  be s l i g h t l y  above 

400 km and i t s  geographic  p o s i t i o n  w a s  f a i r l y  c o n s t a n t  i n  t h e  d i p  a n g l e  

r ange  65 -67 . Very s t r o n g  s c i n t i l l a t i o n  was observed a t  0023 CST a lmos t  

th roughout  t h e  passage except  t o  t h e  f a r  s o u t h  where t h e  s c i n t i l l a t i o n  w a s  

s l i g h t l y  weaker, The s c i n t i l l a t i o n  a t  0551 CST w a s  weaker than  a t  0023 CST 

and t h e  s c i n t i l l a t i o n  w a s  very weak s o u t h  of 35.9 N .  Again, t h e  s c i n t i l l a -  

t i o n  o b s e r v a t i o n  s u g g e s t s  i t s  c o r r e l a t i o n  wi th  t h e  r ed  arc. The o b s e r v a t i o n  

n e x t  day a t  0928 CST i n d i c a t e d  only one s m a l l  pa t ch  of i r r e g u l a r i t i e s .  

0 0  

0 

D) September 30-October 1, 1961 Event: Red arcs observed (Tohmatsu and Roach, 

1962) a t  F r i t z  Peak (39.g0N, 105.5OW, 49O geomagnetic).  

extended 20' sou th  t o  40 

5 O  s o u t h  t o  45 

o b s e r v a t i o n  one and one-half hours la ter  i n d i c a t e d  t h e  s o u t h e r n  boundary 

a t  3 8 O N  o r  4 8 O  geomagnetic which compares f a v o r a b l y  wi th  t h e  r ed  arc ob- 

s e r v a t  i o n .  

A t  2130 t h e  arc 

0 
north i n  z e n i t h  a n g l e  and a t  2144 i t  extended 

The s c i n t i l l a t i o n  0 n o r t h  i n  z e n i t h  a n g l e  a t  F r i t z  Peak. 
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The obse rva t ion  of t h e s e  f o u r  even t s ,  t h e  agreement i n  h e i g h t s  of r ed  

arcs and t h e  i r r e g u l a r i t i e s  and a l s o  t h e  work of Roach (1963) sugges t  s t r o n g l y  

t h a t  when t h e  ionosphere i s  pe r tu rbed  s u f f i c i e n t l y  d u r i n g  t h e  presence  of r ed  

a r c s  t h e  r a d i o  s i g n a l s  pas s ing  through i t  w i l l  s c i n t i l l a t e .  However, t h e  

converse i s  n o t  n e c e s s a r i l y  t r u e  s i n c e  red  arcs are f a i r l y  rare whi l e  s c i n t i l l a -  

t i o n  i s  q u i t e  common, and r e d  arcs a r e  c o r r e l a t e d  wi th  magnet ic  a c t i v i t y  whi le  

t h e  s c i n t i l l a t i o n  has  very  weak c o r r e l a t i o n  w i t h  magnet ic  a c t i v i t y .  I t  seems 

p l a u s i b l e ,  t he re fo re ,  t h a t  t h e  ionosphere  i s  c o n s t a n t l y  pe r tu rbed  by some 

agency s o  t h a t  s c i n t i l l a t i o n  i s  a common phenomenon a t  n igh t ,  e s p e c i a l l y  n e a r  

sunspot  maximum, and i f  such  p e r t u r b a t i o n  is i n t e n s e  enough i t  may a l s o  e x c i t e  

red a r c s .  

The s tudy  of t h e  t rapped  r a d i a t i o n  from t h e  s a t e l l i t e  Exp lo re r  V I  f i r s t  

showed t h e  e x i s t e n c e  of t h e  b i f u r c a t i o n  of t h e  o u t e r  b e l t  (Fan e t  a l . ,  1960) .  

S t o l o v  (1962) pos tu l a t ed  t h a t  t h e  E2 b e l t  might be r e s p o n s i b l e  f o r  t h e  red  a r c  

phenomena and t h e  E for t h e  au ro ra .  Add i t iona l  obse rva t ions  showed t h a t  t h e  

r a d i a t i o n  i s  s t r o n g l y  va ry ing  and may a t  t i m e s  have double  o r  m u l t i p l e  peaks 

a 

3 

(Van Allen,  19611, P o s i t i o n s  of t h e  maximum i n t e n s i t y  of t h e  o u t e r  zone p l o t -  

t e d  by Lin and Van Al1,en (Van Al len ,  1961) a g r e e  wi th  t h e  l a t i t u d e  dependence 

of t h e  s c i n t i l l a t i o n  i f  w e  p o s t u l a t e  t h a t  t h e  l eakage  of t h e  e n e r g e t i c  p a r t i c l e s  

nea r  t h e  horn  of t h e  o u t e r  zone, j u s t  above t h e  bottom of exosphere,  i s  re- 

s p o n s i b l e  f o r  the  occurrence  of i r r e g u l a r i t i e s ,  Such a p o s t u l a t e  has  been 

made p rev ious ly  (Peterson,  e t  a l , ,  1955; Shimazaki, 1959;  and many o t h e r s ) .  

O'Brien and Laughlin [1963) sugges t  t h a t  t he  dumped e l e c t r o n s  may n o t  be 

s u f f i c i e n t l y  e n e r g e t i c  t o  e x c i t e  t h e  6300 A l i n e  of t h e  r ed  arc. 
0 
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VI. A POSSIBLE CAUSE OF IRREGULARITIES 

Theories of the production of irregularities have been proposed by many 

authors and most of them encounter some difficulties. These have been reviewed 

by Dagg, (1957) and Singleton, (1962). More recently Farley (1963) and Buneman 

(1963) proposed that the strong horizontal currents in the equator and the 

auroral zone may excite two-stream instabilities and create density fluctua- 

tions in the E region. Further computations using actual geomagnetic observa- 

tions support these proposals (Maeda, et al., 1963). Experimental data of 

Bowles, et al., (1963) have identified these irregularities as acoustic plasma 

waves and hence also support the theory. However, the theory as originally pre- 

sented had difficulty in explaining irregularities in the F region observed in 

the temperate latitudes because of the lack of strong horizontal currents. 

According to Fig. 6 most irregularities occur at about 350 km height. The 

normal atmospheric processes that take place are the ambipolar diffusion and 

the attachment-like process. These processes are quite complicated since the 

ionosphere is a non-homogeneous plasma (i.e., height dependent). For estimation 

purposes the situation will be simplified drastically by assuming the medium to 

be homogeneous with values appropriate to 350 km height. The characteristic 

time of diffusion is given by the ratio of the square of the scale height of 

atomic oxygen to the ambipolar diffusion coefficient. Using the number densi- 

ties computed by Harris and Priester (1962) for the sunspot maximum the charac- 

teristic time of diffusion at 350 km is computed to be 2.9 hours at night and 

8.0 hours near noon. The characteristic time of "attachment" is given by the 

inverse of the product of the rate of the dissociative recombination and the 

density of molecular oxygen (or molecular nitrogen). Using the rates obtained 
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by Nisbet and Quinn (1963) t h e  "at tachment"  t i m e  a t  350 km i s  found t o  be 4 . 1  

hours  a t  n i g h t  and 1 . 5  hours  nea r  noon. Hence any o t h e r  p rocess  t h a t  may be 

impor tan t  i n  t h e  ionosphere  must be a b l e  t o  compete w i t h  t h e  d i f f u s i o n  and 

"at tachment"  and have a t i m e  c o n s t a n t  no t  more t h a n  a few hours .  

The I n j u n  I and Explorer  12  s a t e l l i t e s  measured t h e  f l u x  of e l e c t r o n s  i n  

t h e  o u t e r  r a d i a t i o n  b e l t  w i th  e n e r g i e s  40 kev o r  g r e a t e r ,  dumped i n  tempera te  

l a t i t u d e s ,  t o  be of t h e  o rde r  l o3  t o  10 

Laughlin,  1963) .  This  corresponds t o  a number d e n s i t y  of 5 x 10 t o  5 x 

4 2 par t i c l e s / cm -sec-sr, (O'Brien and 

-7 

-2 
electrons/cm3 or  t o  an angu la r  plasma frequency of 4 x 10 t o  1 . 3  x 10-1 

rad/sec,  extremely small compared wi th  t h e  ambient i o n o s p h e r i c  plasma frequency 

of about  3 x 1 0  rad/sec. S i n c e  t h e  dumped e l e c t r o n s  are d r i f t i n g  a long  t h e  

magnet ic  f i e l d ,  two-stream i n s t a b i l i t y  i s  p o s s i b l e .  However t h e  i n s t a b i l i t y  

i s  impor tan t  only i f  t h e  growth can compete wi th  d i f f u s i o n  and "at tachment" .  

The l i n e a r i z e d  theory of two stream i n s t a b i l i t y  has  been s t u d i e d  by a number 

of a u t h o r s .  Using t h e  beam equa t ions  and assuming p o s i t i v e  charges  t o  form a 

n e u t r a l i z i n g  background one o b t a i n s  t h e  d i s p e r s i o n  r e l a t i o n  (S t ix ,  1962)* 

7 

2 2 

where 0 i s  t h e  ionosphe r i c  plasma frequency, w t h e  plasma frequency of t h e  
P Pd 

d r i f t i n g  e l e c t r o n s  dumped from t h e  r a d i a t i o n  b e l t ,  V t h e  d r i f t i n g  v e l o c i t y ,  

k t h e  wave number i n  t h e  d i r e c t i o n  of V ( a  real number), and w t h e  angu la r  

f requency which may be complex. The d i s p e r s i o n  r e l a t i o n  i s  a q u a r t i c  e q u a t i o n  

i n  and has  f o u r  r o o t s .  S i n c e  w >> w two of t h e  f o u r  r o o t s  occur  a t  
P Pd' * 

I t  should  be remarked t h a t  t h e  i n t e r p a y t i c l e  d i s t a n c e  of t h e  dumped e l e c t r o n s  
i s  l a r g e r  t h a n  the  Debye l e n g t h  i n  t h e  ionosphere,  t h e  f l u i d  model adopted h e r e  
may have a ques t ionab le  v a l i d i t y .  



. 4  

51 

approximately + w which correspond t o  t h e  usua l  plasma o s c i l l a t i o n  modes and 

are of no i n t e r e s t  h e r e  s i n c e  growing modes are needed. Also because w>>w 

t h e  two remaining r o o t s  occur  when w is  very  nea r  kV. Making t h e s e  approxima- 

t i o n s  one f i n d s  t h a t  growth is  p o s s i b l e  i f  

P - 

P Pd' 

w > kV (2 
P 

7 4 
T h i s  c o n d i t i o n  is e a s i l y  s a t i s f i e d  s i n c e  w = 3 x 10 

(corresponding wi th  i r r e g u l a r i t i e s  of approximately 5 km). The two remaining 

modes are g iven  by (assuming w >> kV) 

rad/sec,  kV = 8 x 10 /sec 
P 

P 

Pd kV w 

P 
w = k V + i  

w - (3 

The imaginary p a r t  of w i n d i c a t e s  i n s t a b i l i t y .  The growth t i m e  of t h e  i n s t a -  

b i l i t y  i s  g iven  by 

w - 
f = -  P 

Pd kV w 

Using t h e  expe r imen ta l ly  observed d a t a  of O'Brien and Laughl in  (1963) one 

o b t a i n s  7 = 0.9 - 3 hours .  Therefore,  t h e  expe r imen ta l ly  observed d a t a  on 

dumping i n d i c a t e  t h a t  plasma o s c i l l a t i o n s  of wavelength approximately 5 km 

can be e x c i t e d ,  whose growth t i m e  can compete wi th  d i f f u s i o n  and "attachment" 

nea r  t h e  sunspot  maximum. 

The p re l imina ry  s a t e l l i t e  da ta  of O'Brien and Laughl in  (1963) showed 

dumping from L = 2 t o  14.8.  The p r e c i p i t a t i o n  showed ext remely  complex 

s t r u c t u r e  d u r i n g  each  satel l i te  pass. This  s u g g e s t s  t h a t  dumping is  by no 
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means unifrom. 

L = 2.42 which corresponds t o  roughly 40 N a t  Urbana. The f l u x  of dumped 

e l e c t r o n s  decreases  t o  t h e  s o u t h  and i n c r e a s e s  t o  t h e  n o r t h  of t h i s  L s h e l l .  

Both t h e  l o c a t i o n  and t h e  L a t i t u d e  dependence i n d i c a t e  good agreement between 

t h e  dumping and t h e  l a t i t u d e  dependence of s c i n t i l l a t i o n .  

d i u r n a l  behavior  of s c i n t i l l a t i o n  and p r e c i p i t a t i o n  i s  n o t  p o s s i b l e  because of 

l a c k  of in format ion  on t h e  l a t t e r .  The seasona l  and sunspo t  dependences may 

be caused by e i t h e r  o r  bo th  of t h e  fo l lowing  p o s s i b i l i t i e s :  (1) The dumping 

may have seasonal  and sunspot  dependences and (2)  The atmosphere has  a s e a s o n a l  

and sunspot  dependence While (1) is  n o t  y e t  clear, t h e r e  i s  ample experimen- 

t a l  ev idence  t o  suppor t  (2 ) .  S i n c e  t h e r e  i s  n o t  y e t  good agreement on s c i n -  

t i l l a t i o n  seasonal  dependence no f u r t h e r  comment w i l l  be  made. As f a r  as 

t h e  sunspot  dependence i s  concerned i t  is  observed t h a t  t h e  upper atmosphere 

d e n s i t y  dec reases  i n  t h e  d e c l i n i n g  sunspot  yea r s .  S i n c e  t h e  d i f f u s i o n  t i m e  

i s  p r o p o r t i o n a l  t o  tempera ture  squared and t h e  number d e n s i t y  of a tomic oxygen 

( ignor ing  t h e  small  t empera ture  dependence of m o b i l i t y )  and t h e  tempera ture  

and t h e  atomic oxygen d e n s i t y  d e c r e a s e  markedly toward t h e  sunspot  minimum, 

t h e  d i f f u s i o n  a t  350 km may become s o  f a s t  t h a t  t h e  growth t i m e  cannot  compete 

wi th  i t .  

1962) 

The number 0 ,05  hour probably i s  t o o  small t o  be r e a l i s t i c ;  a t  least  i t  

On t h e  average,  s i g n i f i c a n t  dumping seems t o  commence a t  

0 

The comparison of 

If t h e  t h e o r e t i c a l l y  p r e d i c t e d  number d e n s i t y  (Harris and P r i e s t e r ,  

i s  used, t he  computed d i f f u s i o n  t i m e  i s  0.05 hour  a t  sunspo t  minimum. 

i n d i c a t e s  t h a t  dur ing  sunspot  minimum only i n  r eg ions  i n  which t h e  dumping 

i s  s u f f i c i e n t l y  i n t e n s e  i n  both  energy a n d d e n s i t y  (See Eq, 4)  can  t h e  growth 

be s u f f i c i e n t l y  rap id  t o  compete wi th  d i f f u s i o n .  Th i s  a g a i n  i s  i n  agreement 

wi th  t h e  l a t i t u d e  dependence of s c i n t i l l a t i o n  du r ing  sunspot  minimum. S i n c e  
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the electron flux dumped is small its associated current is small and hence 

the occurrence of irregularities should not be highly correlated with mag- 

netic activity. Note that the diffusion time is proportional to the density 

of atomic oxygen while the "attachment" time is inversely proportional to 

the density of molecular oxygen. Hence the growth is less favored for a 

height much above the F2 peak where diffusion is very fast, or fa- a height 

much below the F2 peak where recombination is very fast. This explains the 

concentration of irregularities near the F2 peak, as shown in Fig. 6 .  

An elementary theory has been proposed here for the production of F region 

irregularities in temperate latitudes. A more refined theory will also involve 

the effects of gradients of the various ionospheric quantities. Apparently 

the theory has difficulty in explaining the measured 1 km scale of irregulari- 

ties in the direction perpendicular to the magnetic field. It is not known 

whether or not the scale size across the field is related to the dumping mecha- 

nism since the ion gyroradius has about the same order of magnitude. Of course, 

there are other types of irregularities observed in the ionosphere, such as 

equatorial F-region irregularities, which may require entirely different 

mechanisms to explain their existence. 

If the above proposed mechanism for the production of temperate latitude 

irregularities in the F region is reasonable and is proved to be correct by 

more experimental data, it suggests a new method of studying precipitation 

of electrons from the radiation belts. 
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